Abstract : In this paper, a finger pose estimation method is presented. A direct use of fingers is useful in some applications which require handling of 3D position information. Our finger pose estimation method exploits anatomical constraints on finger motion and ring-shaped markers to achieve simple and practical measurements applicable to daily life situations. The use of anatomical constraints ensures that no exact placement of the markers is required.
Introduction
This paper describes finger pose estimation based on a link model derived from anatomical constraints on motion to achieve simple and low-cost measurement of the finger pose. Applications considered for the method are user interfaces in virtual reality environments, e.g., virtual keyboards, or virtual string instruments. Since the keys or strings in these virtual user interfaces are discretely arranged, relatively low accuracy of the measurement is acceptable. Low cost is also preferable for daily life usage.
Methods proposed by preceding studies for the measurement of the finger pose are classified into three categories, namely (1) data glove, (2) stereo vision with spherical reflective markers, and (3) vision-based measurement without markers.
The first method with the data glove is well known and some implementations are available as consumer products [1] . Since the glove does not actually measure the joint angles but the curve of the finger surface, some estimations and corrections are required to obtain the joint angles. The method produces only the relative hand pose, not the pose in an outer coordinate system.
The second method is widely used in the field of motion capture and human motion analysis [2] . The method is not very stable because the spherical reflective markers tend to be occluded in the camera views when the hand rotates. To avoid the occlusion, seven or more cameras are accordingly used, but that solution makes the measurement complex. In addition, since the spherical markers are arranged over the hand, correction for the finger joint center position have to be performed considering the thickness of the hand and, in particular, the finger. The correction is easily affected by deviations of the marker positions.
Methods in the third category use camera images as the sec-ond one but do not require any markers [3] - [5] . Although the third methods are ideal with being independent of markers, these require a huge amount of computations because the procedures detect features from complex images and perform pose estimation on plenty of data based on statistical techniques. In contrast to these methods, we propose a non-contact, simple and low-cost finger pose estimation method based on estimation of ellipses. This method estimates the finger pose from camera images with modeling a finger by a 3-degrees-offreedom (DoF) link model and using anatomical constraints on finger motion and ring markers. To make the method simple, we introduce the anatomical constraints. The anatomical constraints mean that (a) a finger always moves on a plane and that (b) finger joint angles have dependency with each other if the finger naturally moves. The ring marker has two regions with different colors which form a circular color edge along the surface of the ring. From estimation of the imaged elliptical shape of the color edge, the ring marker's position and direction are able to be obtained. Because the direction of a ring marker is obtained with the position, the number of ring markers needed for a finger is less than the finger's DoF. The following sections describe the method, and report on experiments performed to verify the effectiveness of the method.
Finger Motion under Anatomical Constraints
This section explains finger motion and anatomical constraints, i.e. kinematic/geometric conditions on the finger pose, to be used in the measurement, and approaches for the measurement. There are the thumb, index, middle, ring and little fingers on the hand. Each finger except the thumb consists of three phalanges (links) with three joints as shown in Fig. 1 . The joints are named as metacarpophalangeal (MP) joint, proximal interphalangeal (PIP) joint and distal interphalangeal (DIP) joint, respectively from the base. The joints are hereafter referred to with the abbreviations.
Finger Link Model
In this paper, the pose of a finger is described with a link model shown in Fig. 2 for the sake of simplicity and stable mea- from the base, n i and L i represent the direction and length of the link, respectively (p r1 and p r2 are to be explained afterward). Based on only a condition that each link is connected to neighboring links, the degrees of freedom (DoFs) of the link model is 11-DoFs, including 3-DoFs of the position of the MP joint center as shown in Table 1 , where the DIP joint is considered to have 2-DoFs because there are no successive link on the finger tip. Because of the anatomical constraints on the finger motion, the total DoFs reduces to 7-DoFs in the actual finger. Studies of anatomy [6] states that the MP joint has 2-DoFs, and PIP and DIP joints have 1-DoF, respectively.
One of the DoFs of the MP joint and the DoFs of the PIP and DIP joints are involved in the motion to grasp (flexionextension motion). The rotation axes of these DoFs are approximately parallel. Thus, fixing the DoF not involved in the flexion-extension, the finger is approximately forced to move on a plane. Hence the constraint that "MP, PIP, and DIP joint centers are located on a same plane" reduces the DoFs and the number of quantities to be measured.
Since the DIP and PIP joint angles θ 3 , θ 2 (depicted in Fig. 2 ) have dependency in the natural motion without forcing joint angles to be fixed, the next equation approximately holds [4] , [7] .
Employing this constraint also reduces the number of quantities to be measured.
Finger Pose Measurement
Using the link model defined above, the purpose of the measurement is to determine the finger joint centers and the tip position p 1 , p 2 , p 3 , p 4 . There are two approaches to achieve the measurement, i.e. (a) to measure p i directly, and (b) to estimate p i based on measurements of the finger link direction n i , length L i , and point p ri of each link, where the point p ri should be on the link but not necessarily be on any exact position along the link.
In the approach (a), actually measuring the joint center is difficult because of the thickness of the finger, whereas in the approach (b), determining p 1 , p 2 , p 3 , p 4 is relatively easy with anatomical constraints, and the measurement data, namely n 1 , n 2 , p r1 , p r2 , L 1 , L 2 , and L 3 . This is because of the following reasons. One reason is that since each position p ri and direction n i are able to be estimated with a single ring marker (as to be described in section 3), the number of markers is reduced. Also, L 1 , L 2 , and L 3 are able to be measured beforehand. Another reason is that a movable part, i.e. joint center, is difficult to be measured but in the indirect approach (b), the joint center need not to be measured. Thus, we adopt the approach (b).
The anatomical constraints are stated again below. 1. All the finger joint centers and the finger tip are located on a single plane. The plane is hereafter referred to as the finger motion plane. 2. All the link direction vectors n i are orthogonal to the finger motion plane. 3. The DIP joint angle depends on the PIP joint angle and (1) approximately holds. The procedure to determine the finger pose is to be explained in Section 4. This computation requires the measurement data n 1 , n 2 , p r1 , p r2 , which are acquired with two cameras as described in the next section.
Measurement with Ring Markers
This section describes stereo-vision-based measurement of finger link directions n i and positions of links p ri shown in The ring marker has two regions with different colors (Fig. 4 , Region A and B) and is made as the cross section along the edge of the two colors to be circular. The edge and the cross section are hereafter referred to as the color edge, and the color edge cross section, respectively. A cross section of the finger being elliptical, its center and the center of the color edge cross section are to be coincident if the ring marker is well fitted to the finger. Thus, the normal of the color edge cross section is an approximation of the direction of the finger link where the ring marker is put on. Similarly, the center of the color edge cross section is available as an approximation of a point on the finger link.
The ring marker has some advantages against the spherical reflective marker. Firstly, deviation of the position of the ring marker on the finger hardly affect the finger pose estimation because of the symmetry of the ring marker. Secondly, because of the ring shape, occlusion of the whole of the marker from the camera view does not frequently occur compared with the case of the spherical marker. Thirdly, use of the ring marker reduces components to be employed in the measurement, since two quantities, namely the direction and position, are capable of being acquired from just a single ring marker.
A problem in use of the ring marker is that there are only a part of the color edge in the camera view. Thus, an ellipse fitting technique [8] is employed to estimate the whole of the ellipse of the color edge from the part appearing in the scene. The parameters of the color edge ellipse enables the estimation of the finger link direction n i and the position of a point of the link p ri . To obtain the parameters of the color edge ellipse, position data of the points on the color edge is required. The next subsection hence presents digital image processing to extract the edge points.
Extraction of Color Edge
For extracting the color edge, color categorization in the xyY color space is performed as follows. The illumination condition being kept constant, the image of the ring marker is captured. The color samples in the image are, then, manually collected. The color samples provides the feature of each color category. Discrimination of the color category proceeds based on the feature.
In the next step, a labeled image is created with discriminating the color category of each pixel of the camera image. The labeled image is, then, scanned by a square template which matches to the color edge, and extracts the points on the color edge. The points are available as discrete points because the procedure above is performed with digital image processing.
Fitting of an Ellipse to Color Edge
This subsection describes how to fit an ellipse to the extracted points on the color edge (Fig. 5) . The extracted points are only a part of the whole ellipse of the color edge (Fig. 5, (a) to (b) ). Then, the whole ellipse is obtained with ellipse fitting (Fig. 5, (b) to (c) ). Therefore, even if a part of the ring marker is occluded, pose estimation based on the ellipse is able to be performed.
There has been many studies performed for fitting of conics, or quadratic curves including the ellipse [9] . In this procedure, a fitting technique proposed by Fitzgibbon et al. [8] is used because it has an advantage that every result will be only an ellipse but not another type of conics such as the parabola.
Fitting of an ellipse produces coefficients a, b, c, d, e, f in the equation of a conic, i.e.
The ellipse acquired with fitting is hereafter referred to as the color edge ellipse, and denoted as C.
Normal of Color Edge Cross Section
This subsection describes a method to estimate the normal of the color edge cross section of the ring marker. This estimation is performed based on relationship among a space ellipse C W and its images C and C projected on camera image planes (Fig. 6 ). This method is proposed by Schmid et al. [10] In the projective geometry, an ellipse is described with a (3 × 3) matrix whose elements are the coefficients in (2) as follows.
The imaged ellipses C, C on the first and second camera image planes determine the relationship between the two image planes. The relationship is expressed by a (3 × 3) transformation matrix H(μ) called the homography. Using these matrices and some other quantities obtained from camera calibration, the plane of the space ellipse is expressed as follows. 
A and e in (4) are calculated from camera parameters K, K , R, R , t and t as follows.
Denoting parameters of the second camera with the prime symbol, K and K are (3 × 3) matrices of intrinsic parameters including focal length and principal point, R and R are (3 × 3) matrices representing rotations, and t and t are (3 × 1) vectors representing translations. These camera parameters compose camera projection matrices, i.e.
The homography H(μ) is calculated by the following expression.
where [x] × denotes a (3×3) antisymmetric matrix obtained from the (3 × 1) vector x, F = [e ] × A, and e = A −1 e . How to determine the parameter μ is discussed in [10] . The above expression of π depends on a prerequisite that the camera projection matrices are in the canonical forms [11] , i.e.
Thus, the vector π needs to be transformed to get the parameters of the space plane represented in the world coordinate system in which the actual camera matrices are defined.
The (4 × 4) transformation matrix H r is expressed as follows
First three elements ofπ = [ᾱβγδ] compose the normal vector of the space plane, i.e. the color edge cross section of the ring marker as in (5) . The normal is then expressed as
for each ring marker i. The sign −sgn(δ) is included to keep a parameter d ri positive in the equation of a plane
where p = [x y z] , and d ri is the shortest distance from the origin to the plane.
Estimation of the Center of Color Edge Ellipse
In this subsection, 3D position of the center of a color edge ellipse, p r , is estimated . Using coefficients a, b, c, d , e, f of the equation of an ellipse (2), 2D position p c of the center is determined as
2D position of the center of the color edge ellipse on the first and second camera image planes are then denoted as p c and p c , respectively. Since the center of an ellipse is a projective invariant, p c and p c are the images of the same space point. The 3D position of the space point p r is then calculated using Direct Linear Transformation (DLT) method [11] .
Using the above procedure, the 3D position of the center of the color edge ellipse p ri is determined for each ring marker i (i = 1, 2).
Finger Pose Estimation with Plane Constraints
This section presents a means to reduce errors in the normals n 1 , n 2 of the color edge cross sections and the center positions p r1 , p r2 of the color edge ellipses obtained from the procedures described in section 3, and estimate the entire finger pose with the anatomical constraints on finger motion. Firstly, the finger motion plane described in subsection 2.2 is estimated using n 1 , n 2 , p r1 and p r2 . n 1 , n 2 , p r1 and p r2 with errors are then corrected to be on the estimated plane (Fig. 7) , producing the corrected vectorsn 1 ,n 2 ,p r1 , andp r2 . Secondly, usingn 1 ,n 2 ,p r1 , and p r2 , the joint centers and the finger tip positionp 1 ,p 2 ,p 3 ,p 4 are estimated.
It should be remarked that, without the anatomical constraints, the absolute position of each joint center is not uniquely determined and another measurement of a joint center position, e.g.p 1 , is needed because the positions ofp r1 and p r2 are not exactly specified beforehand. Using the anatomical contraints, exact placement of the ring markers is not required. This freedom of the placement of the ring markers makes this measurement method practical. 
Least-Squares Estimation of Finger Motion Plane
Because of the constraints shown in subsection 2.2 the next equation about the parameters of a plane holds, provided that there are no errors in the measurement data n 1 , n 2 , p r1 and p r2 .
where Θ = [α β γ δ] is coefficients in the equation of a plane as shown in (5). (14) implies that the direction vectors n 1 and n 2 are orthogonal to the plane, and that the points p r1 and p r2 satisfy the equation of a plane (5).
Since there are errors in actual measurement data n 1 , n 2 , p r1 and p r2 , a least-squares estimation is performed to reduce errors about the parameters of the plane under the constraints presented in section 2. The least-squares minimization problem is described as follows. The solutionΘ to the problem is obtained as the eigenvector of Ω Ω corresponding to the minimal eigenvalue [11] . The solution, then, determines the finger motion plane (Fig. 7) .
Correction of Finger Link Direction and Position
The finger link direction vectors n 1 , n 2 and the centers p r1 , p r2 of the color edge ellipses are corrected so that they are located on the finger motion plane (Fig. 7) .
The normal of the plane n p and the distance d p from the origin are calculated using the parameters of the finger motion planeΘ = [αβγδ]
The reason for including the sign in the above expression is already presented in the description about (12) . Every arbitrary point r on the plane satisfies the next equation.
Using the relationship in (18), the orthogonal projectionn i of the finger link direction vector n i is calculated as follows.
Similarly, the orthogonal projectionp ri of the point p ri is calculated with the following equation.
These orthogonal projections are available as the corrected vectors.
Estimation of PIP Joint Center
In this subsection, the PIP joint center position p 2 is estimated usingn 1 ,n 2 ,p r1 , andp r2 . The intersection of the two lines determined by the pairs {p r1 ,n 1 } and {p r2 ,n 2 }, respectively, is available as an estimate of the PIP joint centerp 2 (Fig. 7) . In the following part the intersection is calculated with projective geometry.
Considering the finger motion plane as a projective plane, the line passing through two pointsp r1 and p r1 +n 1 represented by the next expression in the projective geometry [11] .
where the symbol × represents the outer product. The homogeneous vector l 1 corresponds to the parameters of the equation of a line on the projective plane. Similarly, the line passing through the pointp r2 in the direction ofn 2 is expressed as follows.
The intersection of the two lines l 1 and l 2 is calculated in a similar manner.
The homogeneous vector p I is then converted to the corresponding inhomogeneous vectorp 2 as follows.
MP and DIP Joint Center Estimation
In this subsection, the MP and DIP joint centersp 1 ,p 3 , and the finger tipp 4 are determined using the estimated PIP joint centerp 2 , link lengths L i and the constraints. Sincen 1 ,n 2 may be directed from the tip to the base, they are calculated again withp 2 to satisfy the condition of the direction.
The MP and DIP joint centersp 1 ,p 3 , are estimated withn 1 andn 2 . The MP joint center being located on the line passing through the PIP joint centerp 2 in the direction of −n 1 as shown in Fig. 7 , the position estimate is then calculated with the link length L 1 .
Similarly, the DIP joint center is estimated as follows.
The finger tip position is estimated using the constraints on the PIP and DIP joint angles θ 2 , θ 3 . The estimate of the PIP joint angleθ 2 is computed using the relationship between the inner product and the inner angle of the two vectorsn 1 andn 2 .
The PIP joint angle is calculated asθ 3 = (2/3)θ 2 . Because the rotation axes of the DIP and PIP joints are parallel under the constraints, the third link's direction is estimated as followŝ
where R θ 3 , n 1 ×n 2 is a right-handed rotation matrix of angleθ 3 around the axis of (n 1 ×n 2 ). The finger tip positionp 4 is then computed withn 3 :
The finger pose, i.e. all the joint centers and finger tip positionŝ p 1 ,p 2 ,p 3 ,p 4 , has been estimated by the procedure above.
Experiment on Finger Pose Estimation

Experiment with Finger Mock-up
An experiment was performed to verify the effectiveness of the finger pose estimation method described in the preceding sections. In the experiment, a finger mock-up shown in Fig. 8 is used. The mock-up is made of wood in the part corresponding to the ring marker, and of metal in the part corresponding to the link and joints, according to the conceptual link model shown in Fig. 2 . The links of the mock-up are of size similar to the proportion of the real one, namely L 1 = 7.2 cm, L 2 = 6.1 cm, and L 3 = 5.5 cm, including the part corresponding to the prominent part at the MP joint (knuckle). Images of the mock-up is captured by two cameras with image size of 640×480 pixels.
Using a laptop PC (Panasonic CF-Y2, Pentium M Processor 1.5 GHz, 768 MB main memory), the image processing required 700-800 msec. To stabilize the image processing, measurement environment is maintained fixed. On capturing camera images, illumination condition is also maintained constant to avoid effect of changes in light source. A daylight color light with 6700 K color temperature is used as the light source. The measurement environment has height of 50 cm, width of 70 cm, and depth of 32 cm, in which subjects are able to move their hands. Figure 9 shows a result of edge extraction. The white ellipses drawn on the right side images represent extracted color edges in the first camera's image (Fig. 8) . Similar results are obtained about the second camera's image.
Camera calibration is performed with the method proposed by Zhang in [12] using chessboard pattern shown in Fig. 8 . Each square in the chessboard pattern has size of 2 cm × 2 cm. The positions of cameras were determined based on some studies [11] on the Direct Linear Transformation method, which is used in our method. These cameras were first arranged so that lines of sight of the cameras make a right angle. Then the positions and poses are adjusted by trial and error to obtain geometric information of the chessboard pattern. The following matrices are the camera parameters explained in Section 3.3 and obtained with the camera calibration. To compare the estimation result, another measurement is performed on the same mock-up with a geometric method using the mock-up's shape, i.e. link lengths and joint angles, measured beforehand. For the sake of simplicity of calculation, the mock-up is arranged to be on the plane y = 8 cm that is parallel to x-and z-axes of the coordinate system. The measurement result is shown in Table 2 and Fig. 10 . Figure 10 representing a 3D plot, the solid line is the estimated finger pose based on stereo vision. The broken line represents finger pose measured with the geometric method. The point of view of the plot in Fig. 10 is adjusted to Fig. 8 (b) . The estimation error in the joint centersp 1 ,p 2 ,p 3 , and the finger tipp 4 is 0.85 cm at most, which is approximately half of the average finger width of adult males.
Experiment with a Real Finger
Another experiment was performed using a real finger to verify the estimation error is small enough to accept for applications. Since it is unfeasible to measure anatomical joint centers of a real finger, estimation error of the measurement method is unable to be represented in terms of quantity. For an alternative means to evaluate the estimation, the authors employed a criterion whether the superimposed link model with estimated pose is within the finger volume in the camera image. If the crite- rion is satisfied, the estimation error is considered to be small enough.
The reason for using finger width for evaluation is as follows. Apparatus operated with fingers like a keyboard, or string instrument are designed based on finger width. For example, on keyboards width of keys are approximately twice as wide as the finger tip. In the case of virtual keyboard, the key is able to be pushed if the estimation error is less than the width of the finger tip. Thus it is considered that the estimation method is enough useful if the estimation error of the other joint center is as little as that of finger tip.
For the measurement of a real finger, ring marker is designed as follows. The ring marker is made from ABS plastic with high stiffness. This is to avoid effect of change of finger skin shape caused by finger movement. Two ring markers are made so that the sizes fit to the first and second phalanges (links) of the finger. The inner diameters of the first and second ring marker are 19 mm and 16 mm, respectively. Skin and under-skin tissues are soft enough to bend, the user don't need to care to fit the ring markers to the finger. Then, each ring marker is able to be put on so that the color edge cross section is perpendicular to the finger link as in the finger link model shown in Fig. 2 . The measured finger is of size L 1 = 4.0 cm, L 2 = 2.1 cm, and L 3 = 1.8 cm.
Results of finger pose measurement about two different poses are shown in Figs. 11 and 12 . In these figures, the link model with estimated pose is superimposed on the original camera image using camera parameters obtained with camera calibration. Estimated joint center and finger tip positions are shown in Table 3.
In Figs. 11 and 12 , each superimposed link model with estimated pose is inside the finger width. Estimation results with other poses are all similar to this result. 
Conclusion
This paper described a finger pose estimation method based on anatomical constraints on the finger motion. With the anatomical constraints enabling reduction of the DoFs of the finger link model, the number of quantities to be measured are accordingly reduced. The measurement data of the link direction and position of each of the first two links from the base determine the whole finger pose.
The ring markers are employed to achieve simplified correction in the measurement, compared with the conventional methods using the spherical reflective markers. Exact placement of the ring markers is not required because of the use of the anatomical constraints.
The method to correct the measurement data and estimate the whole finger pose was also demonstrated. In addition, this paper reported on two experiments to verify effectiveness of the estimation method. The first experiment was performed on a finger mock-up which conforms to the conceptual link model. The second experiment was performed on a real finger.
Since this measurement method tends to be affected by the accuracy and precision of the color edge extraction, the processing is to be improved. In future work, the authors will strive to improve the processing speed, accuracy and precision in the entire procedure of the finger pose estimation.
